We show the proof-of-principle detection of light at 1550 nm coupled evanescently from a titanium in-diffused lithium niobate waveguide to a superconducting transition edge sensor. The coupling efficiency strongly depends on the polarization, the overlap between the evanescent field, and the detector structure. We experimentally demonstrate polarization sensitivity of this coupling as well as photon-number resolution of the integrated detector. The combination of transition edge sensors and lithium niobate waveguides can open the field for a variety of new quantum optics experiments.
I. INTRODUCTION
Integrated photonic circuits are widely used to realize compact and complex quantum optics experiments. They enable scalable creation and processing of quantum states which can be used in communication, computation, and simulation protocols to potentially outperform classical systems. 1 Lithium niobate is an established platform in the field of classical integrated optics because of its high second-order susceptibility and electro-optic properties. 2 Titanium in-diffused waveguides in lithium niobate are surface-guiding and offer low-loss waveguiding in both polarization directions (TE and TM), across a broad frequency range, making them ideal for a range of quantum optical circuits. For example, integrated singlephoton sources using parametric down conversion 3, 4 can be combined with electro-optic modulators 5, 6 and active or passive routing to enable a variety of applications in quantum optics. 7 In addition, low-loss fiber pigtailing, by attaching single-mode fibers directly to the waveguide end-faces ("butt-coupling"), enables high overall system efficiency 3 and compatibility with the existing communication network infrastructure.
Until now, detection from lithium niobate waveguides has been restricted to fiber-coupled detectors, which adds an extra interface and associated losses. Of the various types of fiber-coupled detectors, those based on the breakdown of superconductivity offer the highest efficiency at telecom wavelengths and can be tailored for low timingjitter, different photon numbers, or even photon-number resolution. [8] [9] [10] [11] [12] [13] [14] However, the positioning of fiber-coupled detectors with respect to an integrated optical circuit is limited, and their scaling towards complex circuitry is challenging.
Integrated detectors, using the coupling from an evanescent field of a waveguide into an on-chip detector, enable more complex circuitry, as they can be deposited at different positions inside the optical circuit. Furthermore, in an in-line geometry, nondetected (and nonscattered) photons remain inside the waveguide; this geometry potentially allows for further processing of undetected photons. 15 On platforms such as silicon or III-V semiconductor waveguides, the integration of superconducting nanowire single photon detectors (SNSPDs) or transition edge sensors (TESs) 39, 40 has been realized. However, the integration of single-photon detectors on lithium niobate waveguides is challenging. [41] [42] [43] TESs operate at a transition stage between a superconductive and a normal resistance state. 44, 45 When voltage-biased at their transition, the detector works as a microcalorimeter, which is sensitive to temperature changes introduced by single photon absorption even at infrared wavelengths. Using their weak electron-phonon coupling,
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TESs made of thin-film tungsten have shown remarkable properties in terms of detection efficiency (95%-98%) and energy resolution (0.29 eV-0.42 eV). 12, 13 In this letter, we report on the first proof-of-principle evanescent single-photon detection with a transition edge sensor on a lithium niobate waveguide. This completes the toolbox for integrated quantum optics on this platform, adding integrated detection. We first show the waveguide fabrication and detector fabrication in Sec. II. In Sec. III, we describe simulations which estimate the detection efficiency. In Sec. IV, we show our experimental results including photon-number resolution up to six photons, system detection efficiency measurements for both polarizations, and first results for the energy resolution and decay time.
II. WAVEGUIDE AND DETECTOR FABRICATION
The waveguide fabrication starts with an 80 nm titanium deposition on a congruent lithium niobate wafer using e-beam evaporation, followed by a positive photoresist development. Under vacuum contact lithography and subsequent wet etching, 5 µm, 6 µm, and 7 µm wide titanium stripes are formed. These stripes are diffused into the lithium niobate substrate at 1060 ○ C, creating an index gradient from 2.211 to 2.214 in TE-polarization and 2.132 to 2.138 in TM-polarization at 1550 nm wavelength. [46] [47] [48] This way both polarizations (TE and TM) can be guided with losses below 0.1 dB/cm. A 2.5 cm long sample consisting of 70 waveguides is cut and its end-faces are polished. To ensure the waveguide quality, loss measurements are executed using an interferometric technique described by Regener and Sohler, 49 where similar loss values were achieved.
After ensuring the low-loss waveguiding, the TESs are deposited. Our integrated TES devices comprise a homogeneous 20 nm thick tungsten layer, deposited using magnetron sputtering. As 25 µm × 25 µm devices show high yield for fibercoupled TESs, the same structure is chosen in this work. We placed three detectors per waveguide on top of a 2 nm amorphous silicon layer, which did not affect the optical properties of the detectors or waveguide, as ensured by further loss measurements, and additional niobium-contact pads for wire-bonding using photo lithography. A micrograph image of one device is shown in Fig. 1 .
One benefit of titanium in-diffused waveguides on lithium niobate is the mode diameter which closely matches optical fiber. With this, a single-mode fiber ferrule can be directly glued to the polished waveguide end-face using a UV-sensitive adhesive. In this device, we used standard single-mode fiber (not polarization-maintaining), in order to simplify the pigtailing process. A precise, motorized alignment setup is used to ensure good coupling between the two interfaces. A thin layer of UV-glue with a fiber-matching refractive index is deposited in between the waveguide end-face and the fiber-ferrule and symmetrically cured using a ring of UV-LEDs for precuring and a UV-gun to fully harden the glue. To minimize displacement while cooling the pigtailed sample inside a cryostat, 
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scitation.org/journal/app the thickness of the glue layer must be minimized and a symmetric spreading of the glue is preferable. At room-temperature, a theoretical maximum coupling to fiber of 92% can be achieved with the given mode overlap not including additional reflections between the glue and the sample which can be reduced by dielectric coatings. 3 
III. SIMULATIONS
As the guided modes inside the waveguide were optimized to match the mode diameter of a standard single-mode fiber, the overlap of the waveguide mode and the tungsten layer is very small. Therefore, the 25 µm × 25 µm × 20 nm device only sees a small part of the mode, as illustrated in Fig. 2 . Finite-element-method and finite-difference beam propagation simulations were executed using a commercial mode-solver to estimate the detector efficiency for the given structure, using the refractive index of the waveguides based on Edwards, 46 Jundt, 47 and Strake 48 as well as independently measured values for the refractive index of tungsten. From these simulations a strong polarization dependence in the absorption was calculated, with values of 1.3% ± 0.6% in TM-polarization and 0.16% ± 0.06% in TE-polarization. Although the absorption, and therefore device efficiency, is small, modifications to the structure can be implemented to enhance the absorption as well as multiplexing several detetors. 40 
IV. RESULTS
We first tested the device under flood illumination, which showed successful electrical connection and optical response for the 25 µm × 25 µm × 20 nm devices. 42 Following this, the device was pigtailed and installed inside a dilution refrigerator (DR) to investigate the sensitivity of the evanescent field. The packaged device is robust and remains functional after several temperature cycles. The pigtailed fibers from the sample were spliced and connected from inside the DR to external FC/PC connectors and connected 
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to an attenuated pulsed 1550 nm laser with 50 ns laser pulses. As both end-faces of the waveguide were pigtailed, stable transmission through the waveguide at cold temperatures could also be verified. An overall transmission of 43% at room temperature and 8% ± 2% at 0.01 K was measured for both polarization directions. The lower transmission at room temperature compared to the predictions from simulations is caused by thicker glue layers and misalignment due to multiple pigtailing attempts. In addition, the waveguide end-faces are not coated, adding Fresnel reflections at the interfaces. The transmission drop at 0.01 K is due to an increased misalignment caused by the nonuniform glue layer undergoing thermal contraction. The polarization sensitivity of the mode overlap is negligible compared to the misalignment error. We observed approximately equal coupling at both sides of the waveguide chip. Therefore, assuming that both sides have nearly equal coupling, we estimated waveguide coupling efficiency (at each interface) of 66% at room temperature and 28% at 0.01 K. After optimizing the detector output, photon traces with different peak heights corresponding to different photon numbers per pulse could clearly be observed, as shown in Fig. 3 . The detector response for two detectors on the same waveguide was measured for different polarization settings and both coupling directions. We observed a strong polarization sensitivity but a small influence of the in-coupling direction, which verifies the evanescent coupling. When measuring scattered light, one would expect a large influence on the coupling direction, as the detectors are not symmetrically placed along the waveguide, as illustrated in Fig. 4(b) .
From the measured photon traces of each detector and for each polarization setting, an average photon trace can be calculated as a template. 50 From the convolution of each trace and the template, every trace is converted into a single value proportional to peak height, from which we construct histograms for individual detectors, polarization setting, and in-coupling direction, as shown in Fig. 5 . Also, an average (1/e) decay time of 1.6 µs can be calculated from the average photon trace. By using a Gaussian fit or by manually setting individual thresholds, the histogram can be compared to a Poisson distribution and therefore used to calculate a mean photon number. The detector efficiency equals the quotient of this calculated mean photon number and the expected mean photon number of the impinging photons. In addition, we can determine the energy resolution of the detectors from the histogram using the mean photon energy of the zero and one photon peak and its FWHM. We found an average energy resolution of 0.33 eV ± 0.05 eV, which is similar to other platforms. The timing and noise characteristics of the device, which were not optimized, were comparable with TES devices on other substrates. We observed a black-body count rate of 1000 cps and a rise-time jitter of 400 ns. Noise can be minimized by applying temporal filtering using the trace templates.
We measured the expected mean photon number using a splitting-ratio method, as illustrated in Fig. 4 . In a first step, the splitting ratio between the two arms is investigated, using low attenuation on Attenuator 1 and high attenuation on Attenuator 2, which leads to high transmission at the calibrated Powermeter 1 and a lower but still measurable signal at the calibrated Powermeter 2. Next, Powermeter 2 is exchanged with a fiber that feeds into the cryostat and is pigtailed at the waveguide end-face. Using a high attenuation on Attenuator 1, while keeping Attenuator 2 fixed, reduces the output in both arms. Measuring the output at Powermeter 1 can be used to calculate the single-photon flux in the other arm.
From this, as well as an expected mean photon number, the maximum and minimum system detection efficiency (SDE) is calculated, depending on the polarization. This gives 0.23% ± 0.04% and 0.06% ± 0.01% for one detector and 0.19% ± 0.04% and 0.07% ± 0.01% for a second tested detector. The in-coupling direction has no influence on the SDE within the measurement accuracy.
The TES response was optimized by changing the polarization setting and monitoring the mean photon number using an in situ histogramming. From our room-temperature loss measurements and simulations, the maximum SDE was related to TM-polarization and the minimum SDE to TE-polarization. Further experiments using polarization maintaining fibers should be executed to verify this assumption. From transmission measurements through the pigtailed waveguide, we subtract coupling losses into the chip and calculate a corrected maximum detection efficiency of 0.8% per detector. Compared to simulations, the lower ARTICLE scitation.org/journal/app efficiency can be attributed to a simplified model used to calculate the absorption in the simulations and to the polarization setting accuracy.
V. CONCLUSION
In this paper, we demonstrated the first proof-of-principle detection of single photons using TESs on lithium niobate waveguides. From the measured photon traces a histogram was calculated to confirm the photon-number resolution of the detectors. Light was coupled in from both directions into two detectors on the same waveguide and a strong polarization sensitivity was observed. Also, values for the average response decay time and energy resolution were calculated.
As an outlook, the detection efficiency can be significantly increased by changing the detector and/or waveguide geometry. As already shown on silica-on-silicon waveguides, additional tungsten fins (metallic absorptive strips deposited on the waveguide to conduct heat to the TES) can be used to increase the interaction length with the waveguide. 40 This can increase the evanescent coupling by at least one order of magnitude. Also tapering the lithium niobate waveguide and thereby increasing the mode confinement can increase the coupling efficiency. As a third option, additional dielectric layers can be used to manipulate the waveguide mode and pull it closer to the waveguide surface, also resulting in better coupling to the detector, as shown in the simulation results in Fig. 6 . Here, the cover refractive index was changed using different nonabsorbing materials (SiO 2 , ZnO, and Ta 2 O5), which results in the center of the mode being pulled closer to the detector and therefore higher absorption. The detector lengths considered are in line with previously demonstrated geometries. 40, 42 Furthermore, the system detection efficiency can be enhanced by detector multiplexing. However, it is not yet apparent, if it is possible to outperform end-face coupled TESs with on-chip detectors on lithium niobate when improving the evanescent coupling, but very promising when upscaling the number of detectors per chip.
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